regulatory systems, and intragenic complementation. The mutations in a complex gene are sometimes called pseudoalleles.
A representative group of complex loci is discussed below; not all such loci can be included. Some complex genes, such as Notch and white, appear to be single transcription units controlled in an elaborate way. In other cases, such as the homeotic gene complexes, clusters of transcription units are affected in complex ways by mutations. The genetic complexity can be due not only to transcriptional regulation, but also to variable products. Alternative RNA splicing patterns are more the rule than the exception. In many cases, a family of related proteins is produced rather than a single protein. Sometimes only the untranslated parts of the mRNAs are altered by alternative splices, for reasons that are currently not understood for any gene. Yet another type of complexity is the result of multimeric protein structures, as is probably the case for the rudimentary and Gart loci. In a multiprotein complex, a function absent from one subunit may be provided by another, and although each subunit is defective in at least one function, the protein complex as a whole may still be able to provide all of the required activities. Different functional domains of a single protein may be able to act somewhat independently, and a mutation may affect only one domain of a protein. A cell containing two different mutant proteins (one from each allele) might have all of the wildtype functions, whether the proteins are associated in a multimeric complex or not. These sorts of complementation phenomena are primarily a matter of protein structure, not gene structure.
It is not possible to use Drosophila genetics to saturate a gene with mutations to the extent possible in Escherichia coli or lambda, and many genes that are not classified as complex would probably be genetically complex if analyzed in sufficient depth (e.g. . These include a large number of genes for which molecular analyses have revealed variable RNA and protein products and/or multiple cis-acting regulatory elements. Genes that are genetically complex but have not been analyzed molecularly, such as dumpy (26, 27) and raspberry (28) are beyond the scope of this review. Important molecular data about many loci have come from the relatively new technique of chromosome "walking," the isolation of overlapping cloned DNA segments (29) . A second important advance has been the P-element transformation technique (30, 31) , which allow's genes to be modified in vitro and then reintroduced into the germline for testing. The P-element method allows a gene to be tested as a single copy insert into a chromosome, and to be tested for function during normal development.
Drosophila is estimated to have about 5000 genes based on saturation studies of several regions of the genome (32) (33) (34) ; reviewed in 35, 36) . Measurements of mRNA complexity have led to somewhat higher estimates of about 10,000-15,000 different transcripts (37) (38) (39) . Both of these estimates may seem disturbingly low, given the complexity of a fly. The problem, if there is one,, can be at least partially solved by complex loci. The fly need not have a very large number of genes if each of them has multiple products and complex regulation. The .molecular studies of complex loci have revealed three types of complexity: 1. combinatorial action of a large array of cisacting regulatory elements, 2. multiple or variable products, 3 . altered gene function due to the complex effects of transposon or other insertions. The first two of these may resolve the fly's apparent gene number paradox. Complex genetic effects due to~th~-intricacies of transcriptional regulation, changes in protein structure, and transposon insertions are all observed at the first complex lc,cus to be discussed, the Notch locus.
THE NOTCH LOCUS
Indications of genetic complexity at the Notch (N) locus come from the several phenotypes of N mutations and the recombinational size of the gene (40) (41) (42) . The molecular analysis of the gene revealed a 40-kb transcription unit producing an approximately 10.5-kb RNA (43, 44) . The N gene functions in early development to control th~ balance between the cells committed to forming: neural ectoderm and those committed to forming epidermal ectoderm. In mutant embryos, there is a great excess of the former at the expense of the latter. The protein product is structurally related to epidermal growth factor and to blood-clotting factors such as factor IX (45, 46) .
The wide variety of adult N phenotypes is an indication of the complexity of the gene (47) . A null mutation heterozygous with a wild-type allele has notched wings and aberrant bristles. These are the dominant N alleles. They are dominant because two copies of the gene are required for wild-type development. In addition, such mutations are recessive lethals. Homozygous (dead) embryos have excess neural cells. Other types of N alleles have different phenotypes: The dominant Abruptex (Ax) alleles cause gaps in wing venation (~,;ome Ax alleles are recessive lethals, some are not); recessive notchoid (~'.d) alleles affect wing morphology very much like the dominant N alleles do; glossy-like Oeacet gl°ssy) alleles cause the development of smooth eye with mottled pigmentation; and facet (fa) alleles cause a rough eye phenotype with homogeneous pigmentation. The three latter classes of alleles are homozygous viable. Finally there are recessive lethal alleles that have no dominant effect; these are presumably alleles with too little embryonic function to suv~ive as homozygotes, but with enough function during wing and bristle development to permit heterozygous (mutant/+) flies to develop with normal adult morphology.
What genetic data led to the grouping of mutations with such different phenotypes into one locus? The dominant N alleles are also recessive lethals, act like deletions of the gene, and fail to survive in heteroallelic combinations. [A fly carrying two different alleles of a gene in trans, a heteroallelic combination, tests whether the phenotype of either allele (or of both) observed. This sort of complementation test can be used for dominant or recessive mutations.] The recessive visible alleles like fa and nd are grouped together with the dominant N alleles for two reasons. First, recombination mapping places the recessive alleles among the N alleles. Second, heteroallelic combinations of the N alleles with the recessive alleles give flies with the recessive phenotype as well as the N loss-of-function phenotype. For example, flies that are N/fa have both the dominant N phenotype and the fa phenotype. Thus, the dominant N alleles cannot providefa function. If the N gene was unrelated to fa, no fa phenotype would be seen. The interpretation of these observations is that the N phenotype is due to a lack of N product, so N function is termed "haplo-insufficient." The fa phenotype is due to an alteration in the expression of N product, fa alleles are recessive because the N product can be provided by a wild-type allele in trans in the cells affected by fa mutations, but not by an N allele that fails to make the product. The other types of recessive alleles interact with N in the same way as fa alleles. However, different recessive alleles affect different aspects of N function, i.e. the different classes of recessive alleles can complement each other. Afa/nd fly looks wild-type, for example. The different effects of the recessive alleles are probably due in part to different effects of different transposon insertions, as will be discussed further below (see section on THE EFFECTS OF TRANSPOSON INSERTIONS).
One of the classes of mutations, the Abruptex (Ax) alleles, is not due to transposon insertions. The Ax alleles were originally defined as part of the N complex because they were mapped among the N alleles (48, 49) . The Ax alleles are clustered in the major coding exon of N and appear to be point mutations that presumably alter the protein sequence (44) . Some Ax mutations are recessive lethals; some are not. The alleles must be capable of providing enough N product so that there is not a haplo-insufficient (N, i.e. notchedwing) phenotype. Some Ax alleles enhance the phenotype of N mutations in trans; some suppress N mutations. The suppression effect suggests that the Ax alleles are overproducing N product or are producing hyperfunctional product that can make up for the lack of product produced by the N allele on the other chromosome. The same sort of logic applies to the suppression of the Ax phenotype by an N mutation in trans, which is usually observed. Therefore different Ax alleles have different amounts of wild-type function, and the range is from less than the wild-type amount of function to more than the wild-type amount of function. It should be noted, however, that a simple "hyperactive product" model is not adequate, since the Ax mutations simultaneously increase the level of some functions (e.g. the function required Annual Reviews www.annualreviews.org/aronline to prevent wing notching), and reduce other functions (e.g. those required for proper wing venation). Thus different functional domains of the protein may be differentlty affected.
Since the Ax alleles map within the coding region of the gene and appear to be point mutations, they are likely to cause altered function of the N protein.
Genetic studies reveal some important features of the altered function. The Ax alleles exhibit negative complementation (48, 49) . That is, heterozygous flies carrying two different Ax alleles may have more extreme phenotypes than flies homozygous for either mutation. The effect can be quite strong: some heterozygous combinations are lethal while flies homozygous for either mutation are completely viable.
Negative complementation can be accounted for by models in which a uniform, if aberrant, population of protein molecules is able to provide partial function, butt a mixed population of two different types of aberrant proteins is less functional. Negative complementation has been observed among alleles of the Drosophila DOPA decarboxylase (Ddc) gene. In Ddc the negative complemen~:ation was interpreted as being indicative of a multisubunit protein, with nonfunctional subunits impairing the function of the functional subunits with which they assemble (50) . Such a model might apply to N if, for example, the molecules on the surface of a cell need to associate in a certain way, and an Ax mutation alters the molecules in a way that still allows some protein associations. Two different sorts of alterations in the population of proteins might perturb the protein associations more severely, thus enhancing the phenotype.
THE WHITE LOCUS
One of the first Drosophila mutations described caused the normally red eyes to be white (51) . The white (w) gene is on the X chromosome, is not essential for viability of the fly, and most of its alleles are recessive. Some w alleles eliminate all function ("bleached-white" phenotype), and some cause partial reductions in function (reviewed in 52; B. H. Judd, manuscript in preparation). Perhaps the most interesting w mutations are those that cause abnormal patterns of coloration rather than mere reductions in pigment (e.g. 53, 54) . The gene controls pigmentation in the testes and the larval Malpighian tubules as well as in the eyes. The gene does not appear to encode any of the enzymes involved in synthesis of the eye pigments, and instead has been hypothesized to encode a function required for the integrity or for controlling the deposition of pigment granules. This hypothesis can explain how w can control the expression of both the red and brown pigments, despite the lack of common biochemical intermediates in the two biosynthetic pathways that form the pigments (52).
The w gene was cloned using "transposon tagging." The w DNA w~s isolated in association with a copia transposon that inserted into w in the W allele (55) (56) (57) (58) . Molecular probes permitted the confirmation of a number genetic results, for example the assertion that the w i allele was an intragenic duplication (59, 60) . w i had been proposed to be a duplication because cross-overs within w generated classes of progeny that were proposed to arise from unequal cross-overs within the duplicated part of w (61) . The complete w gene has been shown to be contained within an 11.7-kb DNA fragment by germline transformation (54, 62) . The 11.7 kb includes 1.95 kb of upstream sequence, and about 2.1 kb of downstream sequence. Insertions of the gene into novel chromosomal sites result in some striking abnormal patterns of eye coloration (differently pigmented vertical or horizontal zones) (63) . All of w gene has been sequenced (64) . The w gene encodes a very rare 2.6-kb RNA in five exons distributed over about 6 kb (65-67). The protein-coding region begins in the first exon and continues into the fifth. A generally hydrophobic protein of unknown function is encoded in the w transcript.
Several features of w suggest complexity (52) . First, the phenotypes are quite varied, giving many shades and patterns of eye coloration. Second, w interacts with the zeste (z) locus in a novel and interesting .way. Third, different alleles differently affect dosage compensation, tissue-specific w expression, and z interactions. However, Judd commented in a previous review (52) , "most of the evidence that points to complexity is quite indirect and inconclusive." The complexity of w may be due largely to the complex effects of transposon insertions, and in lesser degree to the separable cisacting elements that control its expression.
Genetic studies showed that alleles causing bleached-white phenotypes tended to cluster at one end of the locus, while alleles that allowed partial function or altered function were at the other end. This latter "regulatory region" has turned out to be the 5' upstream region, and the coding exons are the sites of most of the bleached-white alleles. In general, insertions of transposons into w exons cause a bleached-white phenotype (68, 69) . The insertions into introns, in contrast, often cause partial reductions of w function. Separable control elements involved in directing tissue-specific w expression are located between 0.22 and 0.4 kb and between 1.1 and 1.9 kb 5' of the cap site (70, 71) . DNA involved in dosage compensation is located within a few hundred base pairs of the cap site, or within the transcription unit.
The W sp°tted (W sp) alleles (53) are especially interesting for two reasons: the mutations affect the pattern of w expression as well as the amount of it, and four of the five alleles in this class are due to deletions of the 5' upstream region rather than to insertions (68, 69, 72) . The effects of deletions, opposed to the effects of transposon insertions, cannot be due to newly juxtaposed DNA; the effects of insertion mutations are often due to the Annual Reviews www.annualreviews.org/aronline properties of the transposons (see section on ~HE EFFECTS OF TRANSPOSON INSERTIONS below). The ~p alleles a ll c ause the eyes t o be weakly pigmented in a mottled pattern, but the pigmentation of the Malpighian tubules is unaffected. The regulatory region defined by the molecularly mapped w p mutations is; between 1270 and 590 bp upstream of the cap site. In this region there is a DNA sequence homology to the papovavirus transcriptional enhancer sequences (72) . It has been suggested that the cis-acting region identified by the w p alleles acts as a transcriptional enhancer of w expression in the eyes. This enhancer model remains to be tested by germline transformation.
The zeste (z) locus is a regulatory locus that controls the expression of other genes and has effects that depend on the arrangement of the target genes on the chromosomes. Three loci, w (73), Ultrabithorax (Ubx) (74, 75) , and decapentap,fegic (dpp) (76) , are known to interact with z (77) . A wild-type allele of z itnproves the complementation of certain combinations of alleles in these target loci in trans, apparently by increasing the expression of the mutant genes. The enhancement is prevented if the alleles are not paired or in close association (a tandem duplication does permit enhancement, 78). Drosophila the homologous chromosomes normally are paired, even in somatic cells.
The original z allele, z 1, is an example of a relatively rare form of z allele that is antimorphic in its effect; it interferes with the function of the wild-type allele. Instead of acting as an enhancer of gene function in trans, z I acts as a repressor (79) . This was observed clearly in the first study of 1 and its interactions with w (73). In males, which have only one X chromosome and therefore only one copy of the wild-type w gene, the presence of the z 1 mutation has no effect. In females homozygous for the z I mutation, the expression of their two (paired) wild-type w alleles is inhibited, causing yellowish eye color. It appears that it is the pairing of the two w alleles that makes them susceptible to z 1 repression. The reduction in w function may be due to a head-specific reduction in w transcript levels (80) . If a male carrying two copies of w as a tandem duplication on the X chromosome, they also will be repressed by z~ (78) . However if the two w genes in a female are not paired, as can be the case if one of the chromosomes carries a rearrangement, then the z~ alleles are not able to exert their repressive effect on w. Paired w genes introduced into other chromosomes can still be repressed by z 1 (54) . The s:ite of insertion of w into the chromosome has a strong effect on the zeste-white interaction (54): in one case, pairing of the w genes was not required four repression by z~. The z I allele is recessive, but similar alleles that are strong enough to be dominant have been isolated (81) . These stronger alleles can repress w even when the w gene is present only in one copy and even when there is a wild-type z allele present. The z gene has been cloned (82) , but nothing is yet known about the functions of its products.
The target of z I in the w locus has been mapped to the upstream regulatory Annual Reviews www.annualreviews.org/aronline region of w using germline transformation experiments. The part of the w gene that responds to z repression is located between -1850 and -1081 bp upstream of the cap site (70, 71) . The papovavirus transcription enhancer homology is in the z target region, suggesting that z may act in trans on a transcription enhancer element (72) . An insertion of a transposon far upstream (in the °zc allele) a lso c an cause zeste-like e ffects, a ltering w function according to the pairing of the chromosomes (68, 83, 84) . The gene-pairing dependence of the zeste-white interaction is one example of a phenomenon named transvection by E. Lewis. Transvection is observed in the bithorax complex (see section below) as the chromosome-pairingdependent expression of certain combinations of alleles (85) . For example, the mutations bx 34e and Ubx cause only slight defects in the third thoracic segment when paired in a heterozygous fly, but the third thoracic segment is transformed into a second thoracic segment if the same two alleles are present in chromosomes that are unable to pair due to chromosome rearrangements. The rearrangements (for example, large inversions) need not directly alter the genes of the bithorax complex, they need only disrupt pairing. The effect has been used to screen for chromosome rearrangements that interfere with pairing (85) . The z locus appears likely to encode part of the machinery that involved in the transvection effect (75, 77) . It has been speculated that transvection phenomena may be related to the effects of chromatin structure on gene expression. The transcription of a mutant Drosophila glue protein gene is increased by pairing of the mutant gene with a wild-type gene (85a) , suggesting that at least in some cases transvection acts at the level of transcription or RNA stability.
TWO GENE CLUSTERS THAT ENCODE KNOWN ENZYMES

The rudimentary Locus
The enzymatic activities that carry out the first three steps in pyrimidine biosynthesis, carbamyl phosphate synthetase (CPSase), aspartate transcarbamylase (ATCase), and dihydroorotase (DHOase), are encoded by the linked rudimentary (r) gene in Drosophila (52, 86) . In prokaryotes the three enzymes are encoded by three genes (87) , in yeast two of the enzymes are encoded by one gene and one by another (88) , but in Drosophila and hamsters only a single gene is used (88, 89) . A multifunctional protein of about 220,000 Mr carries all three activities. The r gene was discovered by Morgan in 1910 (90) , and has been the focus of intensive genetic research (91) . Recently, molecular analyses have revealed in some detail the structure of the gene (92, 93) .
The primary r transcript is about 14 kb, and is processed into a 7.3-kb Annual Reviews www.annualreviews.org/aronline mRNA (93) . There are seven exons and six introns. The relationship between the domains of the proteins and the arrangement of the coding sequences in the exons is. not yet known. The order of the coding sequences for the three enzymes is the same in Drosophila as it is in hamsters, suggesting that the fusion of the three genes into one was an ancient event. The hamster gene, however, is 25 kb long rather than 14, and has 30-40 exons 0.1-0.4 kb long with 50-30t3-bp introns (94) . The order of the coding regions in flies and hamsters is 5'-DHOase-CPSase-ATCase-3', while in yeast the order is 5 vCPSase-ATCase-3 v . This suggests that the DHOase was added last to the complex, and to the 5' end of the gene. A fragment of the Drosophila sequence shows 35% homology with the protein sequence of the E. coli CPSase sequence; another section has 50% homology with the protein sequence of E. coli ATCase (93) . Thus the protein sequences appear to be quite conserved.
One phenotype of r mutations is truncated wings in homozygous females and hemizygous males grown on normal rich media containing pyrimidine sources. This is a good example of how a mutation in a metabolic enzyme can have an apparently specific developmental effect even though the enzyme is required in many tissues. That the wing defect is not the whole story is revealed by the other two phenotypes of the r mutations: female sterility and pyrimidine auxotrophy (95, 96) . Homozygous r females are sterile, or nearly so, if mated to mutant r males. If the male supplies a wild-type r allele the sterility is largely prevented. Zygotic gene activity is therefore adequate to rescue the progeny of homozygous mutant mothers. In the absence of an external pyrimidine source, homozygous flies die as larvae. Depending on the strength of the allele, the auxotrophy can be dominant.
The genetic complexity of r is revealed by complementation tests. Different studies have found different numbers of complementation groups (91, 96, 97) . In one extensive study, Carlson (91) identified seven complementation "units" (inferred functional parts of the r gene) and 16 complementation groups (groups of alleles that behave identically in complementation tests; each such "group" is defective in a particular subset of the "unit" functions). Some mutations fail to complement any of the other mutations, and therefore act like deletions of all of the r functions. Other mutations complement some of the other alleles. This is not hard to understand in light of the tripartite structure of the gene product: mutations affecting all the enzyme functions are nulls (alleles that lack all functions, like deletions), and mutations affecting any one (or two) of the enzyme functions can complement mutations affecting only a different enzyme activity. This model can explain three complementation units, l~ut not seven.
What is the basis for the complex complementation? It appears likely that different p~rts of the protein correspond to the different complementation Annual Reviews www.annualreviews.org/aronline groups (98, 99) . Any mutation will fail to complement itself because no copy of the protein has that functional unit (or domain). Any mutation in the same functional unit will also fail to complement the first mutation. The many complementation groups found indicate that the functional unit does not always correspond to the whole protein (if it did, a single complementation group would be observed) or even a single enzymatic activity (in which case three complementation groups would be expected for r). The complementation data therefore suggest that a mutation in one part of the protein can in some cases complement a mutation in another part, even if both mutations are in the part of the protein responsible for one enzymatic function. One way in which this could work is if the protein functions as a multimer (which it almost certainly does; 88), and the severrcomplementation units described by Carlson correspond to protein domains. The r protein, based on this interpretation, is composed of at least seven genetically separable domains, and not just three domains that correspond to the three enzyme activities. The presence of a good domain in any one subunit protein molecule would suffice for the function of the whole multimer.
The Gart Locus
The Gart (glycinamide ribotide transformylase) locus also encodes three enzyme activities. The Drosophila version of the gene was first identified by complementation tests in yeast (100), in a search for Drosophila DNA segments that could complement the yeast ade8 mutation. Only part of the Drosophila GART gene is required to complement ade8 (101) . It has been found that at least two other enzyme activities are associated with the GART products (102) . All three enzymatic functions are in the purine nucleotide synthesis pathway. In yeast the three activities are encoded by two genes ADE5,7 and ADE8 (103) . In both species, and probably others as well, the purine synthetic enzymes are probably associated in a multienzyme complex. Drosophila Gart and rudimentary appear to be cases of complexes encoding complexes.
The molecular analysis of the Gart locus has revealed the structure of the products (101) . Two proteins are encoded by overlapping alternative mRNAs. One mRNA is a truncated version of the other, and is terminated by the use of an optional polyadenylation site. Only glycinamide ribotide synthetase (GARS) is encoded by the smaller transcript, while the larger transcript encodes GARS, aminoimidazole ribotide synthetase (AIRS), and glycinamide ribotide transformylase (GART). A 45-kd protein is encoded by the GARS (only) transcript; a 145-kd protein encoded by the larger transcript provides all three enzyme activities. In yeast, the GARS and AIRS activities are encoded by the ADE5, 7 locus, which encodes a single protein 802 amino acids long (103) . Protein sequence homology between the two species extends through Annual Reviews www.annualreviews.org/aronline the entire ADE5,7 yeast protein, and the entire Drosophila protein can be aligned with the tandemly joined yeast ADE5,7 and ADE8 (GART) proteins except that part of the Drosophila protein (the AIRS part) is internally duplicated. The organization of the Drosophila protein can be summarized as N terminus-GARS-AIRS-AIRS-GART-C terminus. The AIRS protein is suspected to function as a homomultimer in yeast, based on genetic analyses (99) , and int Drosophila two AIRS "subunits" may be connected as parts of one protein.
Purine auxotroph mutants of Drosophila have been isolated, and one of them, ade3 t, has been shown to affect the Gart locus (104) . A single base change wa~,; found in the coding region of the mutant allele. This case excepted, no genetic analysis has yet been done on the Drosophila Gart locus. However, the yeast genetics work on ADE genes provides a warning of what could be expected. The yeast gene ADE5,7 has a circular complementation map with up to 33 eomplementation groups (105, 106) . All of the ade5 (GARS) mutations map in one of the segments, so the genetic complexity primarily due to the ADE7 (probably AIRS) portion of the gene. Surprisingly, the ADE7 part of the yeast protein is composed only of about 350 uno interrupted codons of sequence. The complexity is therefore probably due to complex interactions between protein subunits and not to complex gene structure. The interallelic complementation found may be due to mutations that block ~nultimer assembly (and therefore function) when present on both AIRS subunits of, for example, a dimer. Dimers may, however, be able to form and function if the mutational change in one subunit is in a different location than the mutational change in the other (98, 99) .
A circular complementation map with eight complementation classes has also been found for the xanthine dehydrogenase (rosy) gene of Drosophila, although the alleles exhibiting intragenic complementation only partially restore enzyme function (107) . The rosy protein product functions as a dimer, and therefc,re the intragenic complementation probably reflects interactions between the two subunits, and between different parts within each subunit, and not complexity of regulation of gene expression. Another case of intragenic complementation involving an enzyme-coding locus is the DOPA decarboxylase gene (50) .
Another twist has been added to the story of the Gart locus. Within the largest intron of Gart lies a gene transcribed in the opposite direction (108) . The gene encodes a pupal cuticle protein that, so far as is known, is regulated quite independently of Gart. No other definite cases of genes within the introns of other genes have been reported. Although some insertions of transposon:~ into introns appear to be tolerated (e.g. 109, 110), it is not certain that these iparticular copies of the transposons are active. The fushi tarazu segmentati,3n gene appears to lie within the region involved in the function of Annual Reviews www.annualreviews.org/aronline the homeotic gene Sex combs reduced (109, 111) , but the organization of the Sex combs reduced locus is not fully understood.
HOMEOTIC GENES
Mutations in homeotic genes cause the transformation of one part of the fly into another. Antennae may, for example, be transformed into legs. The homeotic genes have been intensively studied because they are among the best candidates for master regulatory genes that control development (112) (113) (114) (115) (116) (117) (118) . They also serve as examples of complex gene structure and complex regulation of gene expression. Several general facts about homeotic genes can now be stated: 1. The position-specific effects of the genes on particular cells in the developing embryo are due to expression of the genes in only particular places in the embryo. It is therefore crucial to learn how trans-acting factors and cis-acting elements work to control position-specific expression of homeotic genes. The elaborate spatial and temporal patterns of expression indicate complex regulation. 2. The genetic complexity of the homeotic genes is due primarily to the intricacy of the gene structures and to the effects of DNA insertions, and not as much to a multiplicity of products. There is, however, growing evidence for variability in the encoded proteins although the variability is far more limited than that of, for example, immunoglobulins. 3. The homeotic genes are an interacting network that has attributes of both a hierarchical system and a combinatorial one. The terminology of Muller (119) is frequently used in discussing Drosophila genes, especially homeotic genes, and although it can be confusing it is useful. A "hypomorph" is an allele of reduced function, and a "hypermorph" is an allele causing increased function. Hypermorph could refer to an increased amount of protein caused by a regulatory mutation or to a protein having increased activity. A "neomorph" is a dominant allele that causes the gene to function in abnormal ways, at abnormal times, or in abnormal places. Such a mutation may or may not allow normal function in addition to the novel function. Finally an "antimorphic" dominant allele is one that actively interferes with the function of a wild-type allele, such as a defective subunit that poisons a multimeric protein. Hypomorphic and null alleles are referred to as loss-of-function alleles, while hypermorphic and neomorphic alleles are referred to as gain-of-function alleles, a particularly confusing designation since the "gain" may not be quantitative but may instead allude to gene function in cells where the gene is normally quiescent.
The Antennapedia Gene
Antp is a member of the Antennapedia complex (ANT-C), a cluster of several homeotic genes and several other kinds of genes as well. The classic Antp Annual Reviews www.annualreviews.org/aronline phenotype is a dominant transformation of antennae into legs (120) . Other dominant alleles transform dorsal head into thorax (121), or second and third legs into fir:st legs (114, 122) . Most of the dominant alleles are also recessive lethal allele:~, and heteroallelic combinations of any of them fail to survive. In addition there are numerous recessive lethal alleles that have no dominant phenotype :and fail to complement the recessive lethality of the dominant alleles (121, 123) . The embryos that are homozygous for any combination lethal alleles have their second and third thoracic segments transformed into hybrid segments having some characteristics of a first thoracic segment and some of a head segment (123) . A deletion ofAntp, heterozygous with a wild-type allele, has no phenotype. The single wild-type copy of the gene is sufficient. Since the dominant Antp alleles, heterozygous with a wild-type allele, cause dramatic antenna-to-leg and other transformations, the dominant alleles must be gain-of-function mutations. The gain of function may be due to the expression of the mutant gene in tissues where the gene is normally silent or to expression at abnormal times durin;g development. Screens for phenotypic reversion of the dominant Antp allele:~ (122, 124, 125) led to the isolation of new mutations that eliminate the abnormal function, for example by deleting the mutant allele or destroying i.t with an inversion breakpoint. Are the dominant Antp mutations hypermorphic, neomorphic, or antimorphic? Strong evidence in favor of viewing the; antenna-to-leg mutants as neomorphs comes from experiments that demonstrate that Antp is normally not required in the head at all. The experiment:~ used both transplantation of imaginal discs (126) and analysis homozygous clones of cells (121, 125) to show that head structures develop normally without Antp function.
The structure of the Antp gene helps to reveal the basis of the genetic phenomena, though the gene is far from completely understood. Antp is the largest known Drosophila transcription unit, spanning about 103 kb (109, 110) . Mea~,;urements of transcription rates in other insects suggest that it would take about 100 minutes to transcribe Antp, a substantial time in an organism that completes all of embryogenesis in only 22 hours. Antp has two promoters, one of which directs transcription of a (tiny!) 36-kb transcription unit nested within the large one (127) (128) (129) . The protein-coding exons are all clustered within a 13-kb region near the 3 v end of the gene, and are common to both transcription units. The major impact of having the two promoters is to attach partially different mRNA leader sequences to the coding parts of the mRNAs, and perhaps to allow different transcription completion times or independent control by two batteries of regulatory elements.
The structures of the Antp mRNAs are also unusual. The mRNAs have very long 5' leader sequences. Those from the promoter of the 103-kb transcription unit (P1) h~ve a 1.5-kb leader sequence; those from the internal (P2) promoter Annual Reviews www.annualreviews.org/aronline have a 1.7-kb leader sequence. The Antp open reading frame is about 1.1 kb long, so only about 1% of the transcription unit is known to encode protein.
The use of multiple alternative polyadenylation sites leads to heterogeneity at the 3~ end of the mRNAs. Two major sites 1.5 kb apart, and a minor one between them, are used by transcripts from both promoters. The finished mRNAs are 3.4, 3.6, 4.9, and 5.1 kb long, the 3.4 and 4.9 from P1 and the others from P2. This sort of complexity in transcription and processing is not unique to complex homeotic loci. The actin 5C gene also has two promoters and three polyadenylation sites (19) . The use of different polyadenylation sites in Antp is developmentally regulated, which is also true of the serendipity gene (10), a gene expressed during embryogenesis.
Most of the Antp alleles that cause the dominant antenna-to-leg phenotype are associated with chromosome rearrangements. The breakpoints of the rean-angements are located at different positions in the upstream 60 kb or so of the gene (109, 110) . Two mechanisms can be envisioned to explain how such rearrangements could cause abnormal expression of Antp in the head. One possibility is that a negative control element that keeps Antp off in the head is removed by the rearrangements. The smaller (P2) transcription unit is still apparently intact and could be active in the absence of negative control. A second possibility is that control elements newly juxtaposed by the inversions or translocations tum on Antp in the head. These elements could be promoters or transcriptional enhancers, and could activate the P2 unit or generate new transcription units that would incorporate the Antp coding exons. Both a promoter fusion model and an enhancer fusion model rely on the observation that the Antp coding exons are unaffected by the rearrangements. The mutations could cause misregulation of the normal protein rather than a change in the structure of the protein.
The dominant mutations that transform second and third legs into first legs are also gain-of-function mutations that can be phenotypically reverted by deleting the mutant allele (122) . However, one such allele, Scx w, has a weaker phenotype in the presence of a duplication of the wild-type Antp gene (B. T. Wakimoto and T. C. Kaufman, personal communications). This suggests that Scx w is an antimorph: the dominant allele interferes with wildtype function in some way, and the effect is ameliorated by adding more wild-type function. The Scx w mutation is an inversion of about 50 kb, including the entire small (36-kb) transcription unit of Antp (109) . The molecular basis of the effect of the Scx w alleles is unknown, but one speculation is that the inversion in Scx w leads to production of antisense RNA that could interfere with the processing or translation of the normal mRNA, an antimorphic effect. The only other Scx allele, Scx 1, contains an insertion near the 5' exon of Antp, but it is not known whether the insertion is the cause of the phenotype. 
The Ultrabithorax and bithoraxoid Units of the Bilhorax Complex
The first part of the bithorax complex (BX-C) to be cloned was the U1-trabithorax (Ubx) gene and its surroundings (131) . Several decades of elegant genetic analysis by E. Lewis (113, (132) (133) (134) (135) (136) (137) (138) (139) had revealed the genetic complexity of the bithorax complex, and had also proven the importance to developmental biology of understanding how such gene complexes work. Like Notch, the Ubx part of the BX-C consists of a pseudoallelic series of mutations. Ubx alleles have a weak dominant effect (a slight swelling of the flight balan.cer organs, the halteres, indicative of a partial transformation of haltere to wing) and are recessive lethals. The homozygous Ubx larvae die with their third thoracic and first abdominal segments transformed into second thoracic selgments. [The transformations actually appear to involve not segments but parasegments (140) (141) (142) , but the details of the developmental aspects of BX-C gene function will not be described here.] The dominant effect of Ubx alleles is due to haplo-insufficiency of the gene, and the embryonic transformations involving the third thoracic and first abdominal segments, :seen in Ubx homozygotes, are due to loss of Ubx function.
The gen,etic complexity of Ubx is observed with adult-viable mutations (113, 131) . The mutations include anterobithorax (abx) alleles, which cause Annual Reviews www.annualreviews.org/aronline the transformation of the most anterior part of the third thoracic segment (and perhaps posterior second thoracic segment) into anterior second thoracic segment (and perhaps posterior first thoracic segment), bithorax (bx) alleles, which cause the transformation of anterior third thoracic segment into anterior second thoracic segment; postbithorax (pbx) alleles, whic h cause the transformation of posterior third thoracic segment into posterior second thoracic segment, and bithoraxoid (bxd) alleles, which cause the partial transformation of the third thoracic segment into a second thoracic segment and of the first abdominal segment into a third thoracic segment. Each of these types of allele is recessive. The recessive phenotype is also observed in flies heterozygous for the recessive allele and a Ubx mutation (recall fa/N). On the basis of these sorts of observations, the mutants were assigned to the Ubx unit of the BX-C (134, 135). All of these loss-of-function alleles cause transformations into more anterior structures, showing that the Ubx functions (Ubx, abx, bx, etc) are required to direct more posterior patterns of development. All bx alleles complement both of the pbx alleles and all of the bxd alleles. However pbx and bxd alleles generally fail to complement. Flies of the genotype pbx/bxd have a pbx phenotype, bxd mutations affect a function needed in the posterior part of the third thoracic segment, a function that is also inactivated by a pbx mutation.
The Ubx gene was the first homeotic gene cloned, and provided several surprises to its investigators. First, it was found to be (as of that time) the largest fly transcription unit, over 73 kb long (143) (144) (145) . Large exons are located at each end of the 73-kb region and two 51-bp coding exons are located between the large exons. In contrast to Antp, the coding exons of Ubx are spread across the whole of the gene, and only one promoter has been identified. Second, and most usefully, nearly all of the mutations that were not associated with cytologically visible chromosome rearrangements were detectable at the DNA level because they were due to transposon insertions (131) . The Ubx mutations were found to be associated with chromosome breaks that interrupt the 73-kb transcription unit at many points along its length. In addition, some Ubx mutations have been attributed to small deletions within the exons (146) .
The Ubx transcription unit produces three major RNA species, 3.2, 4.3, and 4.7 kb in size (143) . The 3.2-and 4.3-kb species both span the 73-kb region, and both have the same 5' ends, but little else is known about the 4.3-kb species. The 3.2-kb species contains protein-coding sequence from the exons at both ends of the 73-kb region and from the two 51-bp microexons in between. Most of the difference between the 3.2-and 4.3-kb RNA species may come from the use of alternative polyadenylation sites, since the 4.3-kb RNA terminates further downstream than the 3.2-kb RNA. The 4.7-kb transcript is quite different: 1. it is not polyadenylated, in contrast to the other Annual Reviews www.annualreviews.org/aronline two; 2. it is ,expressed only transiently at the very earliest stages of development, while the others are expressed a little later and then stay on; and 3. it starts near where the other species start but contains none of the downstream exons that make up the 3,2-and 4,3-kb RNAs. Instead the 4.7-kb RNA contains sequences located just downstream from the 5' exon. The time of expression of the 4.7-kb RNA suggests that it may be involved in an early function of Ubx in the posterior parts of the second-and third-thoracic segments (147) .
Since the Ubx alleles inactivate a function that is common to the bx and abx functions, il: is not surprising to find that the Ubx transcription unit spans the sites of the bx and abx mutations. The bx alleles are mostly insertion mutations, of at least four different transposons, gypsy, 1, Harvey, and 412 (131, 148) . The inserts are clustered in the largest Ubx intron about 30 kb downstream from the 5' Ubx exon. The abx alleles are all deletions, and all are located in the largest Ubx intron about 45 kb downstream from the 5' Ubx exon. The three abx deletions, of 1.5 kb, 6 kb, and 11 kb, overlap.
A fly tha.t is bxd/Ubx has a bxd phenotype (transformation of third-thoracic segment tc, second-thoracic, and first abdominal segment to third-thoracic segment). A pbx/Ubx fly has the pbx phenotype (transformation of posterior third-thoracic segment to posterior second). Surprisingly, the bxd and pbx mutations ~:1o not map within the 73-kb Ubx transcription unit region. Instead, these classes of mutations map to an approximately 30-kb region upstream of the Ubx unit (131) . The region has been named the bxd unit and has its own transcripts. Early in embryogenesis, the primary transcripts extend over 25 kb and are p:rocessed into finished molecules about 1.2 kb in size (143) . addition, there is a small late transcript from the center of the 25-kb bxd region, b~:d mutations, like bx mutations, are often associated with gypsy inserts. Other bxd alleles are the result of chromosome breakpoints located in the bxd re:gion. The closer the breakpoints are to the Ubx unit, the more severe the bxd phenotype (144) . Both pbx alleles are deletions, and both delete the 5' region of the bxd unit. The two deletions overlap near the 5 v exon of the bxd RNAs.
It has been shown that the bxd mutations act by affecting the expression of Ubx protein (149, 150) . The bxd unit may therefore be a very large cis-acting regulatory region for Ubx. Analysis of bxd cDNA clones has shown that the RNA species represented in the clones do not encode proteins of significant length. Despite the elaborate and varied splicing patterns of the early bxd RNAs, fhey may not be related to the bxd functions (143) . This startling possibility is based on the localization of the early transcripts, which is not what would be expected for bxd functions, bxd function is required in the posterior thorax and anterior abdomen, but the putative bxd transcripts are distributed over a broad region of the central and posterior abdomen. There is Annual Reviews www.annualreviews.org/aronline SCOTT little of the RNA in the regions that are primarily affected by bxd mutations. Flies that are pbx~/pbx 2 or pbx~/pbx I make no early "bxd" RNA, but no bxd-like transformation of embryos or larvae is seen (W. Bender, personal communication). The function, if any, of the early transcripts remains mysterious. The late bxd RNA is made during metamorphosis, has a single exon, and is 0.8 kb long. It has a moderately sized open reading frame that has the codon usage expected for Drosophila. Its localization in the embryo has not been reported, and its function is unknown (143) .
In addition to the loss-of-function mutations, the Ubx gene also has dominant gain-of-function alleles. One of these, Contrabithorax (Cbx), is closely related to one of the pbx deletions because it arose .from the same event, namely a transposition of 17 kb of bxd region DNA into Ubx (131) . The Cbx phenotype is a transformation of posterior wing into posterior haltere, the transformation opposite to a pbx transformation. The deletion of the 17 kb causes the pbx phenotype, and the 17-kb insertion causes the Cbx phenotype, as was shown by molecular analysis (131) after E. Lewis (135) separated two parts of the rearranged DNA by recombination. The 17 kb is inserted into one of the Ubx introns. The insert does not interfere markedly with normal Ubx function, since the Cbx mutation is homozygous viable and the homozygotes have about the same phenotype as the heterozygotes.
The Cbx effect appears to represent an activation of the normal Ubx function in posterior wing (second-thoracic segment), where Ubx should be off. Ubx normally functions in the third-thoracic segment to direct haltere development instead of wing development. Direct observation of Ubx products in Cbx larvae shows that Ubx products do indeed appear in the secondthoracic segment (151, 152) . How does the 17-kb insertion activate Ubx expression in the wrong place? Either the insert disrupts a negative regulatory element that keeps Ubx off in the second-thoracic segment or the insert brings in a regulatory element that acts on the Ubx promoter to stimulate secondthoracic segment Ubx expression.
The Abdominal Region of the Bithorax Complex
The genes of the BX-C are arranged along the chromosome in approximately the order of the body segments they affect (113) , which is also true for the genes of the Antennapedia complex (121) . Whether the arrangement has functional importance or is an evolutionary accident remains to be determined. The genes in the centromere-distal portion of the BX-C are involved in controlling the differentiation of the abdominal segments of the fly, and have been less intensively investigated than the Ubx and bxd units. Genetic saturation analyses of the complex for lethal mutations revealed three lethal complementation groups: Ubx, abd A, and Abd B (153, 154) . Earlier analyses by E. Lewis in which lethality was not the only criterion for gene Annual Reviews www.annualreviews.org/aronline identification had led to the detection of approximately one gene per abdominal segment (113, 155) 
. He named the genes infraabdominal 2-8 (iab2-iab8).
The number:~ of the iab loci refer to the most anterior abdominal segment that is affected, and all of the loss-of-function (iab) transformations cause segments to develop as though they are more anterior segments. An iab2 mutation will transform the second through eighth abdominal segments into first abdominal segments; an iab3 mutation will partially transform the third through sixth abdominal segments into second abdominal segments, and so on. The iab genes are arranged along the chromosome in the order of the segments they affect. The discrepancy in gene numbers does not now seem especially raysterious. There is one homeobox (indicating protein-coding sequences, .see below) for each of the lethal complementation groups Ubx, iab2 (whicl~. appears to be abd A), and iab7 (which appears to be Abd B) (156) . The other iab genes may act on the two protein-coding units to control their effects, much as bxd mutations act on Ubx. However it is also possible that the abdominal region BX-C genes are quite different from other homeotic genes, and l:here may be many other protein or RNA products in addition to the iab2 and iab7 products.
The abdominal genes are distributed across a region of about 200 kb (155) . Together wiith the Ubx-bxd region the BX-C spans about 315 kb. The transcriptional rnap of the abdominal region has not yet been reported, but there has been e~:tensive mapping of mutations (155) . Many chromosome breakpoints affect more than one of the iab functions. Such cis-inactivation effects tend to be polar: a mutation in one iab gene also affects neighboring functions located to one side of the gene but not the other. The effects could be due to transcripts initiating in different iab regions, or to transcriptional enhancerlike effects of different iab genes on the expression of the iab2 and iab7 products, or to cis-active products of each of the iab units. Dominant alleles affecting the abdominal region genes appear to exert their effects by causing inappropriate expression of One or more iab genes in an abnormal location. The Tab allele, for example, causes abdominal tissue to develop on the thorax, perhaps by causing a gene fusion of BX-C abdominal region sequences to a promoter that is active in the thorax (155) .
The Homeobox and the Homeodomain: Protein Products of the Homeotic Loci
The 3' exons of Antp, Ubx, Deformed (Dfd, a homeotic gene active in the head), Scr, and probably other homeotic loci as well contain a conserved 180-bp seq,aence called the homeobox (157) (158) (159) . The presence of a homeobox is an indicator of protein-coding sequence because the homeobox encodes a still more highly conserved 60-amino-acid domain called the homeodomain. There are at least three homeoboxes in the bithorax complex Annual Reviews www.annualreviews.org/aronline (one for each lethal complementation group) (156) and at least seven homeoboxes in the Antennapedia complex (one each for Antp, Scr, and Dfd, and others for segmentation genes in the complex) (156; A. Laughon, M. Scott, unpublished data). In addition, an ever growing number of homeoboxes is being discovered in genes located elsewhere in the genome.
An idea about the function of the homeodomain has come from the observation of a weak homology of part of the domain with certain bacterial DNA-binding proteins (16) . The homology is with the region of the bacterial proteins that forms an a helix-/3 turn-a helix structure. In proteins such as lambda cro, one helix rests in the major groove of the DNA and makes sequence-specific contacts; the other helix lies over the first and stabilizes the interaction (160) . The part of the homeodomain that is most highly conserved among the more than 25 sequences now known is the part that corresponds to the sequence-recognizing helix of the bacterial proteins (161) . The homeodomain is also homologous to the protein products of the yeast mating type genes MATal and MATa2 (16, 16a) . The MATo~2 product has been shown to be a sequence-specific DNA-binding protein (16b). These observations suggest that the homeodomain is involved in sequence-specific DNA binding, and that the sequences recognized by homeodomain-containing proteins are related just as the proteins are, thus explaining the stringent evolutionary conservation of the sequence-recognizing part of the protein. The first tests of the DNA-binding hypothesis were done using hybrid proteins composed of beta-galactosidase joined to part or nearly all of a Drosophila homeodomaincontaining protein (162) . The proteins were shown to be able to bind in sequence-specific manner in vitro, though it is not known whether the detected binding sites play a role in vivo.
The homeodomain-containing proteins that have been characterized so far are about 40-60 kd in size. In five cases, Ubx (149, 150) , Antp (163), Scr (P. D. Riley, S. B. Carroll, M. P. Scott, unpublished observations),fushi tarazu (164) , and engrailed (165) (the latter two are segmentation genes), homeodomain-containing proteins have been localized with antibodies and found to be in the nucleus, in keeping with the proposed DNA-binding role. Apart from the homeodomain, the sequences of the proteins have little similarity, except that they all have poly-amino acid stretches. Antp protein, for example, has one section in which 31 out of 46 amino acids are glutamine (127) (128) (129) . Ubx protein has 17 glycines in a row (150) . The function of such sequences is unknown. Ubx and Antp produce multiple protein forms. In the case of Ubx, two alternative RNA splice donor sites at the 3' ~nd of the 5' exon are located 27 bp (9 codons) apart (143, 166) . Antp cDNA clones have been found that differ in the splicing pattern within the coding region so as to give rise to proteins that have or lack four amino acids just upstream of the homeodomain (J. R. Bermingham, M. P. Scott, unpublished data). The only Annual Reviews www.annualreviews.org/aronline obviously r.totable aspect of the optional Ubx and Antp sequences is the inclusion of a cysteine residue in each of them, raising the possibility that RNA splicing could affect disulfide bond formation.
It has been proposed that a cell's fate is determined by the array of homeotic gene products produced in that cell (113, 121, 167) . Evidence from experiments employing immunofluorescence to detect homeotic protein products demonstrates that multiple homeotic genes can be expressed in the same cells (163; S. B. Carroll, S. DiNardo, R. A. H. White, P. H. O'Farrell, M. P. Scott, unpublished data). How could multiple homeotic proteins in the same cell direct ~he cell to follow one developmental pathway rather than another? A cell is presumably directed into a developmental pathway by the activation of a particular set of genes that encode the cell's structural components, enzyme activities, surface molecules, and so on. If the homeodomain is a DNA-binding domain, three possible models are: 1. The protein encoded by each gene i:ndependently binds to a certain set of target genes and activates or represses them (the same protein could conceivably activate at some sites and repress at others). The effects of the multiple homeotic proteins would be simply additive. 2. The proteins from some of the homeotic genes modulate the effects of other homeotic proteins, for example by competing for sites, by acting as cofactors, or by mediating interactions with molecules such as RNA polymerase. The effects of expressing multiple homeotic proteins would not be simply additive, since the presence of one protein could modulate the effect of the presence of another. 3. The homeotic proteins act as multimers, and function as, for example, homodimers or heterodimers. The heterodimers bind to a different array of target sites than any of the homodimers. The balance among the amounts of different heterodimers is determined by the relative amounts of monomers synthesized, by the affinity of different pairings of pro~Ieins, and by the stabilities of the different heterodimers. With this sort of model, the effects of expressing multiple homeotic proteins would not be simply additive, since new binding specificities would be generated by the formation ,3f heterodimers.
OTHER COMPLEX GENES THAT CONTROL DEVELOPMENT
The Sex lethal Locus
The Sex lethal (Sxl) locus plays two roles, one in sex determination and one in dosage compensation (168, 169) . Sxl activity is required in female cells 1. to direct and maintain differentiation along the female morphogenetic pathways and, 2. to prevent the heightened transcription of the X chromosome that is triggered to compensate for the presence of only one X chromosome in males. Thus chromosomally male cells can do without Sxl function, but the expresAnnual Reviews www.annualreviews.org/aronline sion of Sxl is required to prevent dosage compensation in female cells. Since hypertranscription of two X chromosomes is lethal, homozygous null Sxl alleles are lethal in females. In females, most Sxl alleles are recessive; one wild-type copy of the gene is sufficient to provide both the sex determination and dosage compensation functions.
The multiple functions of Sxl are reflected in intragenic complementation. Some alleles affect primarily the initiation of the sexual differentiation decision, while other alleles affect primarily the maintenance and expression of the sexual differentiation decision. In some cases an allele from the first class can fully complement an allele from the second (168), so that a fly heterozygous for the two alleles does not have a detectable phenotype. Some Sxl alleles preserve the dosage compensation repression function, at least partially, but are unable to provide the female differentiation function. These alleles are female viable (in contrast to null alleles), allowing chromosomally female flies to survive but also allowing them to develop with male morphology.
The allele SXI M#1 is dominant and causes the death of males and male cells. This allele is likely to be a constitutively active form of the gene that is tolerated in females where Sxl would normally be active (170) . In males, the inappropriate activity of the constitutive allele prevents dosage compensation, leading to insufficient X chromosome activity and killing the male flies. Sxl M#I, being a dominant gain-of-function allele, can readily be reverted by selecting for male viability. The "revertant" alleles no longer have enough constitutive gene function to prevent dosage compensation in males, but the revertants also lack, partially or totally, the normal female function. Thus the common revertant alleles are not true revertants, since gene function is destroyed, not restored.
The Sxl gene has been cloned and initial investigations of the transcripts have been reported (168) . The molecular structure is very complex, with least 10 transcripts produced from a 32-kb transcribed region. There are three regions of homeobox homology (but they are not yet sequenced and proven to be homeoboxes), suggesting the possibility that the molecular functions of the Sxl protein products are related to those of the homeotic genes. As expected, at least one Sxl transcript is expressed only in females. What was not expected was an array of transcripts produced only in males or in both sexes. Some of the transcripts are also differentially expressed during development.
Many Sxl mutations are due to transposon insertions. Sxl was cloned using insertions of P-element transposons. Five other insertions are associated with female-specific lethal loss-of-function alleles. An insertion of the retroviruslike transposon B104 (also called roo) (171, 172) , caused the dominant Sxl M#1 mutation (168) . The Sxl M#~ insertion is within the transcribed region and has been proven to be the relevant change in the DNA by reversion Annual Reviews www.annualreviews.org/aronline studies: Rare incomplete excisions of the insert can restore wild-type function of the gene. Thus the insertion event itself does not seem to alter gene function; rather, the activity of the inserted element may be the causative factor. Three other alleles that are genetically similar to Sxl M#I are caused by insertions of B104 or another transposon in a region within 1 kb of the Sxl M#I insert. In order to examine the effect of Sxl~# 1 on transcription, a revertant derivative of the allele (Sxl~# l"fm3) was used, a double mutant in which the gain-of-function effect of the B104 insert is reduced or eliminated by a second mutation that maps away from the B104 insert. The reversion mutation might, for example, alter a protein-coding region, so that the B104 insert misregulates a nonfunctional protein and is therefore harmless. The effect of the Sxl~t #1"~3 double mutation on transcription is surprising: the levels of at least seven Sxl transcripts is increased about 20-fold, while some others are decreased. The B104 insert in Sxl~t #~ may therefore act as a transcription enhancer for certain transcripts. Alternatively the heightened level of transcripts could be due to an alteration in their structure that stabilizes the RNA (the fro3 change in the DNA has not been detected, and therefore appears to be a small ch~.nge in the DNA).
Sxl is controlled by the daughterless (da) locus, which is expressed maternally (170, 173, 174) . da product is provided during oogenesis; without it, Sxl is not activ~tted and females die, presumably due to hypertranscription of their two X chromosomes, da probably participates in the mechanisms that read the X chromosome: autosome ratio to decide the pathway of sexual differentiation. The constitutive allele, Sxl~1 , does not require da product to be activated :it was isolated as a mutation that allowed the survival of female progeny of homozygous da females. The transcription of Sxl in mixed male and female embryos obtained from homozygous da females is detectably altered. There is an increase in the two male-specific transcripts and a decrease in two early embryo-specific transcripts (168) . The single femalespecific transcript does not appear to be affected. Sxl is also positively regulated by the sisterless-a gene, a gene probably also involved in measuring the X-to-autosome ratio (175) .
An additional feature of Sxl function is its autoregulation: certain Sxl alleles can substitute for da product(s) in activating a wild-type Sxl allele (176) . The experiments used Sxl alleles that provide dosage compensation repression functions sufficient for female survival but do not promote female differentiation. Chromosomally female flies bearing such alleles have the morphology of males. The alleles do not require activation by da to prevent the dosage compensation mechanism from being triggered; they are, in effect, constitutive repressors of dosage compensation. When two such alleles are in the same fly as a wild-type Sxl allele (which does require da product for activation), the wild-type allele functions independently of da. Female morphology Annual Reviews www.annualreviews.org/aronline instead of male morphology is observed, which is presumed to be due to the wild-type allele since the mutant alleles are not capable of providing the female differentiation function. The interpretation of these results is that the defective Sxl alleles activate, in trans, the wild-type allele, thus substituting for da and demonstrating positive autoregulation of Sxl. It remains to be demonstrated that autoregulation occurs in wild-type flies as well as in flies beating the complex mutant alleles.
The doublesex Locus
In the regulatory hierarchy that controls sexual differentiation, Sxl has an early role, and the doublesex (dsx) locus has a later role (177, 178) . Sxl acts on dsx through the intermediary genes transformer and transformer 2. Sxl controls both dosage compensation and sexual differentiation, while dsx is exclusively involved in sexual differentiation, dsx is believed to be a dual function negative regulator: in males it prevents female differentiation and in females it prevents male differentiation. Recessive null alleles of dsx transform both male and female flies into intersexes; the flies try to develop as both sexes at once. The complexity of dsx is revealed by alleles that affect only the male-specific or only the female-specific functions. One allele, for example, transforms males into intersexes but does not affect females (179) . As in the case of Sxl, dominant alleles exist that appear to represent constitutively active forms of dsx. One such allele, dsx°, does not affect males but transforms heterozygous females that are dsx+/dsx° into intersexes (177) . The dsx° allele may therefore constitutively express the male mode of dsx function.
dsx is as complex molecularly as the genetic data would suggest (179, 180) . The gene has a minimum size of 27 kb based on breakpoints of chromosome rearrangements that affect dsx function. Transcripts spanning approximately the same 30-kb region were found, and, as with Sxl, more transcripts were found than had been anticipated. The transcripts overlap, apparently sharing some exons, and are expressed differentially in the two sexes and at different stages of development. Some pupal transcripts are male-specific, some pupal transcripts are female-specific, and the larval transcripts are common to both sexes. It is not yet known whether the male-or female-specific functions are due entirely to the expression of different RNA species, or if there are also differences in the position-or stage-specific expression of RNAs in males versus females.
The Achaete-Scute Complex
One cluster of genes that affects bristle and hair structure is the Achaete-scute (AS-C) complex (181). Deletions of achaete and scute functions caus e a complete absence of hairs and bristles, and deficiencies in the peripheral Annual Reviews www.annualreviews.org/aronline nervous system. The scute (sc) mutations prevent formation of subsets of the large bristles, each allele characteristically affecting certain bristles (120) . The achaete (ac) mutations prevent formation of hairs and bristles to varying degrees. Both classes of mutations are recessive, and there is a continuum between the., two classes: most alleles affect both the bristles and the hairs, but affect some more than others. Thus the ac and sc mutations may have fundamentally the same sort of effect on hairs and bristles, with the difference between the classes of mutations being the exact bristles or hairs that are most affected. Duplications of parts of the AS-C can lead to excessive formation of bristles or hairs, as can dominant alleles such as the Hairy-wing mutations. The complex has been divided into four genetic regions: achaete, scute ~, lethal of scute (l'sc) (182) , and scute ~. The l'sc function is required for development of the central nervous system; without l'sc, embryos die with degeneration of the neuroblasts of the ventral nervous system. All four genetic units are located within a 110-kb region that has been cloned (183, 184) . ac mutations complement sc mutations, but widely separated (more than 40 kb) sc breakpoint mutations fail to complement each other completely [the phenotype of the heteroallelic flies is equal to that of the weaker allele (181, 183)]. Three ac mutations have been mapped to a 5-kb region at the left end of the AS-C. One is a transposon insert, one is a breakpoint, and one is a deletion. Next to the right are the scute c~ breakpoints, which are distributed over 30 kb. The scute c~ mutations are well separated from the scute fl mutations; the latter are grouped in a region of about 22 kb at least 18 kb from the scute ~ breakpoints. Several scute mutations are due to insertions of transposable elements, especially of the element gypsy. Three scute alleles are due to deletions ranging in size from 1.2 kb to 18 kb. The position of a mutation se, ems to be more important than its nature: insertions or breakpoints in the same region have similar effects. Between the scute t~ and scute [3 regions should be the l'sc locus, but no breakpoints are available that clearly mark l'sc. The flanking mutations limit l'sc to a region of at most about 20 kb.
The large size of the complex, and the previous experiences with the BX-C and ANT-C genes, prompted a search for large transcription units, but the AS-C does not appear to have giant transcription units. Instead, six small transcriptie,n units have been found within the cloned region. One lies within the l'sc region and is found only in embryos (suggesting that it encodes the l'sc function), one is within the scute a region, one is within the ac region, one is within the scute [3 region, and two lie in flanking regions. The relationships between the transcripts and the genes are not fully understood. Little or no change in abundance or time of expression of any of the potentially relevant RNA species was observed in loss-of-function mutants (184) , suggesting that the effects of the mutations are on spatial expression or a posttranscriptional step in gene expression. The closer scute breakpoints are Annual Reviews www.annualreviews.org/aronline to the putative scute c~ transcript, over a 50-kb region, the stronger their scute phenotype.
The decapentaplegic Complex
Flies lacking all of their extremities result from mutations in the decapentaplegic (dpp) complex (DPP-C) (185, 186) . In addition to the dpp phenotypes, two other effects have been attributed to mutations in DPP-C. One is the shortvein (shv) phenotype, which is an alteration in the wing venation pattern. The second is the Haplo-insufficient near dpp (Hin-d) phenotype, which is embryonic lethality accompanied by a transformation of structures that should be dorsal into ventral structures. The basis for assigning the three loci to a complex is that the Hin-d mutations appear to inactivate the shv and dpp functions, and shv alleles can inactivate dpp functions (187). (189) . All these alleles affect the eyes, but Annual Reviews www.annualreviews.org/aronline in distingui:shable ways. All of the insertions were found to be in the second and third introns of the 38-kb gene. Each of the five glossy-like alleles is due to an insertion of the flea transposon, an element with at least some of the characteristics of a retrotransposon. Eachflea insertion occurred at a different site, all in the same orientation so that flea transcription is opposite in direction to that of N. In contrast, the insertions that caused thefa phenotype (three cases) were due to three different transposons inserted at three different sites. Most strikingly, an insertion event that caused afa phenotype occurred at exactly tlhe same site as an insertion that caused a glossy-like phenotype. Therefore in this instance the different phenotypes must be due to the nature of the transposons. A different transposon insertion into the first intron (in wild-type slxain) does not interfere with gene function, so some insertions do not cause any phenotype. Therefore the interruption of the gene, or the change in the spacing of regulatory elements, is not in itself sufficient to cause a phenotype. A more attractive possibility is that transcription of the transposons leads to altered N function. Transcription of any of the flea inserts could lead t.o the synthesis of antisense N RNA, due to the opposing directions of transcription. The antisense RNA might inhibit N function by interfering with RNA ]processing or translation. The times and places that flea is transcribed during development would then control exactly how N function would be altered.
One way in which a transposon could inappropriately activate its host gene would be b,.¢ acting as a portable promoter. The white°z~ allele (83) provides an example. The mutation is caused by the insertion of a transposon at a site about 6 kb upstream of the start of w transcription, outside of the w gene as it is defined by germline transformation (68, 80, 84) . The insert is composed two foldback elements flanking a single-copy 6.5-kb piece of DNA that is normally in another part of the genome. Since the mutation can be reverted by a deletion .of part of the internal single-copy portion of the insert, some activity on the part of the single-copy DNA must be responsible for the phenotype. Molecular analysis revealed a novel transcript, found in the head, that initiates in the single-copy DNA of the insert and is spliced to the normal w exons (80) . It is not clear how this transcript accounts for the reduction in function. Surprisingly, the single-copy DNA of the insert is not normally transcribed at detectable levels in the head, suggesting that its transposition to the vicinity of w activated it in the head.
Transcril?tion of the Hairy-wing alleles starts at the normal places in the AS-C DNA, but terminates within the transposons (190) . The altered transcripts accumulate to 5-20 times the usual abundance, so the increased gene function is l!ikely to be due to more stable transcripts resulting from either the AS-C-transposon fused transcription units, or from a transcription enhancement effect of the inserted transposons. The long terminal repeat is itself sufficient, in at least one case (Hairy-wing~S), to cause abnormally high levels Annual Reviews www.annualreviews.org/aronline of AS-C transcripts, which might indicate the presence of a transcriptional enhancer-like element in the repeat (as expected from its homology with retroviruses; 191). Transposon insertions into w introns (59, 60, 68, 69) lead to transcripts that have the proper 5' ends, but most of them terminate within the transposons. Presumably termination is in the long-terminal repeats that are characteristic of the retrovirns-like transposons. Some of the transcripts may read through the inserts into the remainder of the w DNA, allowing RNA splicing to process out the transposon sequences. The low level of readthrough and splicing may account for the low level of pigmentation seen in the eyes of these mutants. The inserts that have a polyadenylation site in the proper orientation may cause frequent termination of the readthrough transcripts, while those in the opposite orientation do not stop readthrough transcripts and can be spliced out efficiently.
Another effect of insertions into w can be to allow unequal crossing over, creating duplications and deficiencies. This effect has been demonstrated for two copies of the BEL transposon that are located 60 kb apart (192) . Other cases of unequal crossing over at w are probably also due to internal repetitions or to transposons (193, 194) .
Transposons inserted into the bithorax complex and into the achaete-scute complex cause disruptions that cannot be attributed entirely to interruptions of the DNA. The bxd 1 allele is due to an insert of the gypsy transposon, resulting in a recessive phenotype (131) . Two spontaneous reversion mutations have been observed, and in both cases a single 0.5-kb long-terminal repeat from gypsy remains at the original insertion site. A similar situation occurs in the Hairy-wing mutations in the AS-C (190) . Insertions of gypsy are responsible for some of the dominant mutations, and three revertants of one of the mutations, Hairy-wing +, still contain insertions of a gypsy long-terminal repeat. In all of these cases, the activity of the transposon, and not the interruption of the DNA, must have been responsible for the original mutation.
Many transposon insertions have effects that can be modified by transacting regulatory loci (195) (196) (197) . The locus suppressor of Hairy-wing [su(Hw)], for example, when present in the homozygous mutant form, suppresses mutations at many loci that are caused by insertions of the gypsy transposable element (190, 198) . The excessive accumulation of transcripts caused by the Hairy-wing mutation is partially reversed by the su(Hw) mutation, suggesting that the wild-type allele of the suppressor locus facilitates the transcriptional enhancer-like activity of the gypsy insert. The su(w a) locus acts in a different way on a different insert. The w mutation is due to an insertion of the retrovirus-like_transposon copia (55, 199) . The insert prematurely terminates most of the w transcripts in the copia long-terminal repeat. In the presence of a su(w a) mutation, the frequency of readthrough Annual Reviews www.annualreviews.org/aronline transcriptic,n increases, suppressing the w a phenotype. Presumably the readthrough tr~.nscripts can be spliced to give functional w mRNA.
CONCLUSIONS
Despite the progressive blurting of the distinction between simple and complex loci, it is still clear that some loci are far more complex than others. The basis for the complexity can include mechanisms for making multiple or variable pr,~ducts, mechanisms for expressing those products in intricate and precise spatial or temporal patterns, the often surprising effects of transposon insertions on gene function, and the complexities of protein structure and the interaction~ among multimer subunits. In the immediate future we may expect the rapid characterization of cis-acting regulatory elements to continue, leading to an understanding of how such elements must be arranged to function properly in directing tissue-, position-, or stage-specific expression of genes. The basis of chromosomal position effects and transvection may become clearer when cis-acting elements are better understood. In addition we may expect proteins that act upon the cis-acting DNA sequences to be purified and their functiions determined. How multiple proteins interact while bound at neighboring cis-acting sites will be an especially interesting problem. The regulation of alternative RNA splicing patterns remains an almost unapproached problem of great importance. The roles of RNA 5' leader sequences antd 3' trailer sequences in splicing, translational control, or other processes can be explored using germline transformation and should prove susceptible to the attack. Finally, the influences of transposons and other insertion mutations on gene function will continue to be an active area of research, with special emphasis on the ability of mutations in trans-acting genes to suppress or enhance the effects of the inserts. There is little evidence of serious limitations in the approaches now being used to explore gene structure, and the rate of progress will continue to depend on the care with which genes appropriate for certain problems are chosen for analysis.
